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Indole-3-acetic acid (IAA), the natural auxin in plants,
regulates many aspects of plant growth and devel-
opment. Extensive analyses have elucidated the
components of auxin biosynthesis, transport, and
signaling, but the physiological roles and molecular
mechanisms of auxin degradation remain elusive.
Here, we demonstrate that the dioxygenase for auxin
oxidation (DAO) gene, encoding a putative 2-oxoglu-
tarate-dependent-Fe (II) dioxygenase, is essential for
anther dehiscence, pollen fertility, and seed initiation
in rice. Rice mutant lines lacking a functional DAO
display increased levels of free IAA in anthers
and ovaries. Furthermore, exogenous application of
IAA or overexpression of the auxin biosynthesis
gene OsYUCCA1 phenocopies the dao mutants.
We show that recombinant DAO converts the active
IAA into biologically inactive 2-oxoindole-3-acetic
acid (OxIAA) in vitro. Collectively, these data support
a key role of DAO in auxin catabolism and mainte-
nance of auxin homeostasis central to plant repro-
ductive development.
INTRODUCTION
Auxin is an essential plant hormone that plays a critical role in
regulating many aspects of plant growth and development,
including female gametophyte patterning, embryogenesis,
organogenesis, apical dominance, tissue regeneration, and tro-
pisms (Pagnussat et al., 2009; Bennett and Scheres, 2010; Gru-
newald and Friml, 2010; Peris et al., 2010; Zhao, 2010). Indole-3-
acetic acid (IAA) is the main form of auxin in plants and is
believed to be active primarily as the free acid. Cellular levels
of auxin are evidently controlled by a combination of synthesis,
degradation, conjugation, and transport. It has been shown
that IAA can be modified by conjugation with sugars, amino
acids, and small peptides or by forming methyl esters (Normanly
et al., 1995; Normanly, 2010; Ljung et al., 2002). The IAA conju-Developmgates and IAA esters were thought to facilitate transport and
storage of IAA. It was also suggested that conjugation of IAA
provides an effective means for controlling the pool of the free
hormone and serves as a first step in the catabolic pathway
(Normanly et al., 1995). In addition, there have been reports
that IAA can be converted into 2-oxoindole-3-acetic acid (OxIAA)
in plants, and it represents a truly irreversible step in inactivating
IAA (Normanly, 2010; Normanly et al., 2010; Reinecke and
Bandurski, 1983; O¨stin et al., 1998). However, the molecular
and biochemical mechanisms underlying auxin oxidation and
its biological roles remain to be elucidated. We report here the
identification of the rice dioxygenase for auxin oxidation (DAO)
gene, which encodes a 2-oxoglutarate-dependent-Fe (II) (2OG-
Fe (II)) dioxygenase responsible for catalyzing the irreversible
oxidation of IAA to OxIAA and essential for plant reproductive
development.RESULTS
The daoMutant Displays Male Sterility and Produces
Parthenocarpic Seeds
During the seedling, tillering, and flowering (heading) stages, dao
mutant plants showed no obvious differences with wild-type
plants (Figure S1A available online). At anthesis, however, the
lemma and palea of dao mutant flowers did not open, and the
anthers were enclosed in the lemma and palea. In addition,
the anthers were indehiscent, and no mature pollen grains
were released (Figures 1A–1D). After anthesis, the ovaries of
dao mutants expanded to similar sizes as wild-type ovaries
and produced parthenocarpic seeds filled with a sucrose-rich
liquid, but no starch accumulation was detected (Figures 1E,
1F, S1B, and S1C). The dao mutant seeds eventually shrank
and dried at maturity, but the parthenocarpic seeds could not
germinate (Figure S1D). It appeared that the dao mutant was
completely sterile under our experimental conditions.
To investigate the cellular defects of the dao anthers, we
compared transverse sections of mutant and wild-type anthers
at various stages of pollen development. At the pollen mother
cell, tetrad, single nucleus, and two nuclei stages, no significant
differences were observed between the dao mutant and wild-
type cells including the tapetum layer. However, at the matureental Cell 27, 113–122, October 14, 2013 ª2013 Elsevier Inc. 113
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mutant anthers were not degraded, resulting in a failure to form
bilocular anthers, and no pollen grains were released (Figures
S1E and S1F). Scanning electron and transmission electron
micrographic analyses failed to detect any structural differences
between dao and wild-type pollen grains (Figures S1G and S1H).
In addition, the daomutant pollen grains were stained by iodine-
potassium iodide (a specific dye for detecting starch) in the same
manner as wild-type grains. Furthermore, DAPI staining showed
that the mature pollen grains of both dao mutant and wild-type
plants contained three nuclei. Strikingly, despite the normal
morphology and histochemical staining, dao mutant pollen
grains did not germinate in an in vitro germination assay,
whereas wild-type pollen grain germinated normally (Figures
S1G and S1H). As a further test, we conducted reciprocal
crosses between homozygous dao mutants and wild-type
plants. When the mutant stigma was pollinated with wild-type
pollen, after 30 min, the wild-type pollen grains started to germi-
nate with visible pollen tube elongation and produced normal
seeds. However, the mutant pollen grains did not germinate on
the wild-type stigma, and no seeds were produced (Figures
S1I–S1L). Our results indicated that the sterility observed in
daomight be caused by both anther indehiscence and defective
pollen grains.
To investigate the developmental defects of dao mutant
embryo sacs, whole-mount stain-clearing laser-scanning
confocal microscopy (WCLSM) was used to compare the devel-
opment of embryo sacs of wild-type and daomutants at various
developmental stages. No significant differences were observed
between dao and wild-type embryo sacs during female gameto-
phytic development, and the mature embryo sacs appeared
normal in dao mutants. After fertilization in wild-type plants, the
embryo and endosperm started to develop, accompanied by
starch accumulation (Figures 1G–1J). In contrast, the unfertilized
wild-type ovaries in an emasculated flower (bagged to prevent
cross-pollination) failed to produce seeds (Figures 1K–1N). Inter-
estingly, unfertilized ovaries of the daomutant produced parthe-
nocarpic seeds, though no fertilized embryo or endosperm was
observed in the mutant after flowering due to defective pollen
grains (Figures 1O–1R). Microscopic examination revealed that
dao parthenocarpic seeds had largely normal pericarp and
seed coat formation as compared with wild-type seeds (Figures
1S–1V). Together, these results suggest that dao mutantsFigure 1. Comparison of the Wild-Type and dao Mutant Phenotypes
(A–C) Comparison of wild-type (left) and daomutant panicles (right) at the heading
Scale bars, 5 cm.
(D) Comparison of wild-type and mutant anthers at the mature stage is shown. A
(E and F) Wild-type (E) andmutant (F) seeds at various stages of development are
accumulation. Scale bars, 2 cm.
(G–J) Various stages of embryo (Em) and endosperm (Es) development in wild-t
4 days (J) after pollination is presented. Arrowheads and arrows indicate the em
(K–N) Various stages of ovary development in unpollinatedwild-type are shown.W
presented. Arrowheads and arrow indicate the central cell (Cc) and egg cell (Ec)
(O–R) Various stages of ovary development in the daomutant are shown. Unpollin
is presented. Arrowheads show the absence of embryo.
(S and T) Longitudinal sections of wild-type ovaries 1 and 12 days after flowering
epidermis; Sc, seed coat; Al, aleurone layer.
(U and V) Longitudinal sections of mutant ovaries 1 and 12 days after flowering,
Scale bars, 50 mm (G, K, O, and S–V). See also Figure S1.
Developmdisplay pleiotropic phenotypes, including anther indehiscence,
defective pollen grains, and parthenocarpic seed development.
The daoMutant Contains Increased Levels of Free IAA in
the Anthers and Ovaries
Because several classes of phytohormones (auxin, gibberellins
[GAs], and jasmonic acid [JA]) are known to play a key role in
plant reproductive development (Ishiguro et al., 2001; Goetz
et al., 2006; Cecchetti et al., 2008; Dorcey et al., 2009; Serrani
et al., 2010), we hypothesized that the dao phenotypes may be
associated with disruption of a process regulated by phytohor-
mones. We first measured levels of IAA, GAs, and JA in dao
and wild-type plants. We found that the level of GA4 (the 13-
nonhydroxylated GA, predominant bioactive GA form in the
reproductive organ of rice; Hirano et al., 2008) and several 13-hy-
droxylated GAs, including GA53, GA19, andGA20, were compara-
ble in the anthers and ovaries of daomutant andwild-type plants,
but the level of JA was significantly lower in the anthers of dao
mutants (5.75 ± 0.53 ng/g fresh weight [FW]) than in wild-type
plants (12.43 ± 1.42 ng/g FW) (Table S1). Most strikingly, dao
mutants had much higher levels of IAA (3,536.07 ± 205.32 ng/g
FW) in anthers than wild-type plants (1,026.43 ± 349.25 ng/g
FW). The IAA content was also much higher in dao mutant
ovaries (442.54 ± 61.11 ng/g FW versus 151.13 ± 37.96 ng/g
FW) (Figures 2A and 2B; Table S1). In addition, we found that
expression of the auxin reporter DR5::GUS (Ulmasov et al.,
1997) was much higher in mature anthers and ovaries of dao
mutants than in wild-type plants (Figures S2A–S2L). To test
whether altered phytohormone levels might be responsible for
the dao phenotypes, we treated emasculated wild-type spikelets
with IAA, GA, and JA, respectively. Notably, only IAA was effec-
tive in inducing parthenocarpic seeds, whereas GA and JA were
not effective, although JA induced opening of the lemma and
palea of dao mutant flowers (Figures 2C–2M and S2M). These
results suggested that increased accumulation of free IAA might
be the main cause of the observed dao phenotypes. Consistent
with this notion, IAA treatment also effectively inhibited pollen
germination (Figure S2N). To further test this, we expressed a
rice YUCCA gene (OsYUCCA1) driven by the ubiquitin promoter
in wild-type rice for the effects of auxin overproduction. As pre-
viously reported (Zhao et al., 2001; Cheng et al., 2006, 2007;
Yamamoto et al., 2007), transgenic rice plants overexpressing
OsYUCCA1 accumulated higher levels of auxin (Table S1) andstage is shown in (A). The framed areas are enlarged and shown in (B) and (C).
rrows indicate the lacuna of anther. Scale bar, 10 mm.
presented. The bottom images are cross-sections of the seeds showing starch
ype plants are shown. Wild-type ovary at 1 day (G), 2 days (H), 3 days (I), and
bryo and endosperm, respectively.
ild-type ovary at 1 day (K), 2 days (L), 3 days (M), and 4 days (N) after flowering is
at 1 day after fertilization, respectively. Dn, degraded nucleus.
ated mutant ovary 1 day (O), 2 days (P), 3 days (Q), and 4 days (R) after flowering
, respectively, are shown. Oe, outer epidermis; Sl, subepidermal layer; Ie, inner
respectively, are presented.
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Figure 2. Comparison of Auxin Levels in the Anthers and Ovaries of Wild-Type and dao Mutants
(A and B) GC-MS analyses show that daomutants accumulate much higher levels of free IAA in anthers (A) and ovaries (B). Data are mean ± SD (n = 3). The double
asterisks (**) represent significant differences determined by the Student’s t test at p < 0.01.
(C–H) Effects of IAA, GA, and JA on wild-type and daomutant spikelets are shown. Wild-type spikelets opened normally without IAA treatment (C), or treated with
water (D), but were inhibited by treatment with 0.01 mM IAA (E). Dao mutant spikelets did not open when treated with water (F), or 0.01 mM GA (G), but opened
normally when treated with 0.01 mM JA (H). Scale bar, 1 cm.
(I–M) Emasculated wild-type spikelets show no parthenocarpic phenotype 15 days after emasculation (I) or when treated with water (J), 0.01 mM GA (L), or
0.01 mM JA (M), but produced parthenocarpic seeds when treated with 0.01 mM IAA (K). Arrows indicate the parthenocarpic seeds. Scale bar, 1 cm.
(N) A transgenic line (22-5) overexpressingOsYUCCA1 exhibits a dao-like phenotype (enclosed flowers and parthenocarpic seeds, respectively). Scale bar, 2 cm.
(O) qRT-PCR analysis of OsYUCCA1 gene expression in three independent transgenic lines is presented.
See also Figure S2.
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conclude that the dao mutant phenotype is most likely caused
by the abnormally high levels of auxin in the spikelets.
DAO Encodes a 2OG-Fe (II) Dioxygenase
To determine the molecular lesion of the daomutant, we used a
map-based cloning approach to isolate the DAO gene. In an F2
population of dao and Dular, fertile and sterile plants segregated
in a 3:1 ratio (214 fertile versus 63 sterile, c2 = 2.96 < c20.05 = 3.84;
p > 0.05), indicating that the dao defectswere caused by a reces-
sive mutation in a single nuclear gene. We initially mapped the
DAO locus to a genomic region between two simple sequence
repeat (SSR) markers, RM119 and RM3839, on the long arm of
rice chromosome 4 and subsequently fine mapped it to a 52
kb genomic region between the markers Z425 and Z429 (Fig-
ure 3A). Sequencing analysis identified a single nucleotide dele-
tion in Os04 g0475600 (see http://www.ncbi.nlm.nih.gov/gene/?
term=Os04g0475600). The mutation caused a frameshift that
resulted in premature translational termination (Figure 3A). West-
ern blot analysis with a DAO-specific antibody detected a prod-
uct of 37 kDa as expected in wild-type plants, but not in daomu-
tants (Figure 3B). A genetic complementation test showed that a
6.8 kb wild-type DNA fragment containing the DAO promoter
and its coding region could fully rescue the dao phenotypes,
including flower opening, anther dehiscence, and normal seed
development (Figures 3C–3E). In contrast, RNAi knockdown of
DAO in wild-type plants caused a dao-like phenotype (Figures
S3A–S3C). Taken together, our results demonstrated that
Os04 g0475600 represented DAO.
Sequence and phylogenetic analysis showed that DAO is a
single copy gene in rice that is predicted to encode a 2OG-Fe
(II) dioxygenase with a dioxygenase domain that is conserved
in several classes of dioxygenase, including the GA-2 oxidase
(GA2ox), GA-3 oxidase (GA3ox), and GA-20 oxidase (GA20ox).
However, the overall sequence homologies between DAO and
these oxidases are relatively low (20%–25% amino acid iden-
tities) (Figures S3D and S3E; Spielmeyer et al., 2002). Transient
expression of DAO-GFP fusion in rice protoplasts showed that
they were mainly localized in the cytoplasm (Figures 3F–3I).
Transgenic rice plants expressing a DAO::b-glucuronidase
(GUS) reporter gene showed that GUS staining was not detected
in the early stages of flower development, but the staining
became visible in mature anthers (Figures 3J–3M). In addition,
GUS staining was observed in fertilized ovaries, and GUS
expression increased in developing seeds (Figures 3N–3Q).
Real-time RT-PCR analysis and western blot analysis confirmed
that DAO expression was lower in roots, stems, and leaves but
higher in mature anthers and developing ovaries (Figures 3R
and 3S). Furthermore, treatment with IAA increased GUS
expression in the flowers (Figures S3F and S3G), suggesting a
role of auxin in regulating DAO gene expression.
DAO Catalyzes the Conversion of IAA into OxIAA
DAO is predicted to encode a 2OG-Fe (II) dioxygenase. Because
dao is a loss-of-function mutant that accumulated higher levels
of auxin, we hypothesized that DAO might be involved in IAA
degradation. We expressed DAO in E. coli and tested whether
the recombinant DAO protein could catalyze the oxidation of
IAA in an in vitro assay. High-performance liquid chromatog-Developmraphy-mass spectrometry (LC-MS) analysis showed that after
adding the purified recombinant DAO protein to the assay, an
ion of m/z 192 formed, and its accumulation increased with incu-
bation time, whereas DAO lost its enzymatic activity after heating
to 100C for 10min (Figures 4A and 4B). Because them/z 192 ion
is an [M+H+] ion, the possible product should have a molecular
mass of 191 kDa, which is 16 kDa larger than that of IAA
(175 kDa). This observation fits our expectation that one oxygen
atom (16 kDa) was added to the IAA molecule by an oxidation
reaction. Furthermore, according to the MS2 mass spectrum
of IAA, the 130 m/z daughter ion represents the core structure
of the indole ring with a methyl group at position 3. It indicates
that the indole ring was stable under the above parameters in
the ion trap mass spectrometer. An unknown product, fragment
ionm/z 146,might be anm/z 130 structure with one extra oxygen
atom. To determine the position of the oxygen atom in this struc-
ture, we synthesized OxIAA (Figure 4B) and compared its MS
fragmentation pattern with the enzymatic product of DAO. As
expected, their chromatographic retention times and MS2 and
MS3 mass spectra were indistinguishable (Figure 4B). These
results indicate that DAO can catalytically convert IAA into OxIAA
in vitro.
To confirm the role of DAO in vivo, we measured OxIAA levels
in the leaves and flowers of wild-type and dao mutants, respec-
tively. As expected, much higher levels of OxIAA (about 300 ng/g
FW) were detected in wild-type anthers, but no OxIAA was
detected in dao mutant anthers or leaves (Figure 4C; Table
S1). To compare the activities of IAA and OxIAA, we further
tested their effects on inducing parthenocarpy. In contrast to
IAA, spraying OxIAA on the spikelets of wild-type plants could
not induce parthenocarpic seed development (Figures 4D and
4E). These results indicated that DAO is responsible for IAA
oxidation, resulting in its loss of biological activity.
A Suite of Auxin-Responsive and JA-Biosynthetic Genes
Is Differentially Affected in the dao Mutant
To gain a better understanding of the molecular basis of DAO in
regulating rice development, we compared the genome-wide
mRNA levels in dao mutant and wild-type anthers and ovaries
at the mature stage and wild-type ovaries 1 day before and after
flowering. A total of 1,536, 1,847, and 4,221 geneswith at least 2-
fold expression changes were identified, respectively. Strikingly,
a group of auxin-responsive genes was highly enriched in these
differentially expressed genes, including 1OsARF (OsARF6) and
15 OsAux/IAA genes showing differential expression between
wild-type and dao mutants. Notably, many of the OsAux/IAA
genes showing differential expression in dao mutant ovaries
exhibited similar expression changes as in the pollinated and
unpollinated wild-type ovaries (Table S2). Real-time RT-PCR
analysis of ten representative auxin-responsive genes confirmed
the reliability of our microarray data (Figure S4).
Interestingly, we observed that two genes related to JA
biosynthesis also displayed differential expression in the dao
and wild-type anthers. The rice OsOPR1 gene, which encodes
a 12-oxophytodienoate (OPDA) reductase, was markedly upre-
gulated in dao mutant anthers compared to wild-type plants. In
contrast, a gene encoding the chloroplast-localized lipoxyge-
nase (OsLOX) was downregulated in the dao mutant anthers
(Table S2). Furthermore, RT-PCR analysis revealed that severalental Cell 27, 113–122, October 14, 2013 ª2013 Elsevier Inc. 117
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Figure 4. In Vitro DAO IAA Oxidation Assay
(A) LC-MS shows that DAO promotes conversion
of IAA into an ion of m/z 192, and its accumulation
increased with incubation time.
(B) Comparison of the chromatographic behaviors
and MS fragmentation patterns shows identical
chromatographic retention times and MS2 and
MS3 mass spectra of oxidized IAA with the in-vi-
tro-synthesized OxIAA.
(C) GC-MS measurement of the concentrations of
OxIAA (mean ± SD) (OxIAA) in wild-type and
mutant anthers and ovaries, respectively, is pre-
sented. ND, no detection.
(D) Hormone treatment shows that IAA, but not
OxIAA, is active in inhibiting flower opening on
preanthesis wild-type spikelets (0.01 mM IAA or
0.01 mM OxIAA was applied). Scale bar, 2 cm.
(E) Hormone treatment shows that IAA, but not
OxIAA, is active in inducing parthenocarpic seed
on emasculated wild-type spikelets (0.01 mM IAA
or 0.01 mM OxIAA was applied). Arrows indicate
parthenocarpic seeds. Scale bar, 2 cm.
See also Figure S4.
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lytic enzyme (OsDAD1), allene oxide synthase (OsAOS), allene
oxide cyclase (OsAOC), and 12-oxophytodienoate reductase
(OsOPR7), were clearly downregulated in dao mutant anthers
(Figure S4). Together with the finding that reduced JA levels inFigure 3. Map-Based Cloning and Complementation Test of DAO Gene
(A) Finemapping of theDAO gene to a 52 kb region on chromosome (Chr.) 4 is illustrated. A single nucleotide d
g01475600.
(B) Western blot analysis shows that DAO is detected in the nuclear protein extracts of wild-type flowers, bu
(C) Expression of wild-type DAO rescues the flower-opening phenotype of the dao mutant. WT, wild-type (l
transgenic line (right). Scale bar, 5 cm.
(D) Expression of wild-type DAO rescues the anther indehiscent phenotype of the dao mutant. Wild-type (lef
(right) are shown. Scale bar, 1 cm.
(E) Expression of wild-typeDAO rescues the parthenocarpic seed phenotype of the daomutant. Wild-type (lef
(right) are presented. Scale bar, 1 cm.
(F–I) Subcellular localization of DAO protein in the rice protoplast cells is shown. Scale bar, 5 mm.
(J–M) GUS signal is detected in anthers of stages 12 and 14, and it becomes stronger in the anthers of stag
(N–Q) GUS staining is observed in the fertilized ovary and seeds. (N)–(Q) are ovaries at 1, 3, 5, and 30 days
(R) qRT-PCR analysis shows that DAO expression peaks in the mature anther (A) and fertilized ovary (O). R,
(S) Western blot analysis shows that DAO is mainly detected in the nuclear extracts of wild-type anthers. A
(bottom).
See also Figure S3.
Developmental Cell 27, 113–122,the anthers of dao mutants (Table S1),
these results suggest that auxin is impli-
cated in the regulation of JA biosynthesis
in rice.
DISCUSSION
In this study, we presented convincing
evidence that DAO, a 2OG-Fe (II) dioxy-
genase, is responsible for oxidizing free
IAA into inactive OxIAA and that control
of auxin concentration and homeostasis
is essential for reproductive develop-
ment, including anther dehiscence, pol-len fertility, and seed initiation in rice. Combined with previous
reports (Wang et al., 2005, 2007; de Jong et al., 2009; Sorefan
et al., 2009; Uchiumi and Okamoto 2010; Ding et al., 2012), our
results suggest that in wild-type plants, ovary growth is blocked
at the preanthesis stage by the repressive action of theeletion (25C) was identified in the first exon of Os04
t not in the dao mutant flowers.
eft); dao, dao mutant (middle); CL, complemented
t), dao (middle), and complemented transgenic line
t), dao (middle), and complemented transgenic line
e 14 (M). Scale bar, 5 cm.
after flowering, respectively. Scale bars, 5 cm.
root; S, stem; L, leaf; Le/Pa, lemma/palea; P, pistil.
nti-tubulin antibody was used as a loading control
October 14, 2013 ª2013 Elsevier Inc. 119
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genes (Gray et al., 2001; Teale et al., 2006). The auxin burst
induced by pollination and subsequent fertilization in the fertil-
ized ovules or ovary activates the Aux/IAA degradation machin-
ery via interaction with the auxin receptor TIR1-associated
ubiquitin-proteasome pathway (Dharmasiri et al., 2005), result-
ing in expression of auxin-responsive genes necessary for fruit
initiation (Pandolfini et al., 2007). In contrast, in dao mutants,
the increased IAA levels in the absence of fertilization are
sufficient to induce Aux/IAA degradation, thus abrogating the
repressive effect of Aux/IAA proteins on ARF proteins to allow
expression of the downstream auxin-responsive genes resulting
in parthenocarpy.
There is prior evidence that GAs also play an important role in
regulating anther dehiscence and fruit initiation (Dorcey et al.,
2009). The conserved dioxygenase domain between DAO and
several dioxygenases involved in GA biosynthesis does raise
an intriguing question whether DAO may also play a role in
regulating GA biosynthesis, despite the relatively low overall
sequence homologies between DAO and these oxidases
(20%–25% amino acid identities). However, several lines of
evidence argue against this possibility. First, measurement of
the endogenous GAs showed that the levels of GA4 (the predom-
inant bioactive GA in the reproductive organs of rice; Hirano
et al., 2008) and several 13-nonhydroxylated GAs (GA53, GA19,
and GA20) were not significantly different in the anthers of dao
mutant and wild-type plants (Table S1). Second, we found that
several GA biosynthesis and responsive genes were not differ-
ently regulated in daomutant and wild-type ovaries after pollina-
tion (Table S2). Third, spraying GA3 on the emasculated spikelets
of wild-type plants failed to induce parthenocarpic seed devel-
opment (Figure 2L). Moreover, among these known GA20 oxi-
dases, the OsGA20ox-2 corresponds to SD1, the famous ‘‘green
revolution’’ gene. Loss of function in SD1 and other GA-biosyn-
thetic genes in rice all caused a dwarf mutant phenotype
(Spielmeyer et al., 2002). Similarly, loss-of-function mutation in
Arabidopsis GA5 (GA20 oxidase) also resulted in a semidwarf
phenotype (Xu et al., 1995). However, the dao mutant plant
showed no obvious differences in height compared to wild-
type plants (Figure S1A). These results together convincingly
argue that it is unlikely that DAO plays a role in GA biosynthesis.
Previous studies also reported that JA plays a role in regulating
anther dehiscence and pollen maturation (Ishiguro et al., 2001).
We found that spraying JA on spikelets of dao mutant plants
induced the opening of the lemma and palea of dao mutant
flowers but could not induce parthenocarpic seed development
of emasculated wild-type flowers (Figure 2). These observations
suggest that auxin and JA play partially overlapping yet distinct
functions in regulating plant reproductive development. Consis-
tent with this, JA level and expression of several JA biosynthetic
genes, including OsDAD1, OsAOS1, OsAOS2, OsLOX, and
OsOPR7, were downregulated in the dao mutant anthers
compared to wild-type. Similar results have been reported in the
Arabidopsis IAA8 gain-of-function mutant flowers (Wang et al.,
2013). Furthermore, it has been shown that decreased jasmonate
production in the arf6/arf8 doublemutants blocked pollen release
andanther indehiscence (Nagpal et al., 2005; Santner andEstelle,
2009). Together, these results suggest that auxin and JA may
work coordinately to regulate plant reproductive development,120 Developmental Cell 27, 113–122, October 14, 2013 ª2013 Elsevincluding anther development, pollen fertility, and fertilization.
Their precise relationship and interaction await further studies.
The 2OG-Fe (II) oxygenase enzyme family is widespread in
eukaryotes and bacteria, and its members catalyze the oxidation
of a variety of organic substrates (Prescott and Lloyd, 2000).
Many of these enzymes function in pathways with medical, phar-
maceutical, or agricultural significance, such as bodymass index
in humans (Gerken et al., 2007), synthesis of GAs and other plant
hormones, pigments, and metabolites (Aravind and Koonin,
2001). Furthermore, parthenocarpic seed is important for some
fruit industries. For example, in tomatoes and many other spe-
cies, a major limiting factor for fruit production is the extreme
sensitivity of microsporogenesis and pollination to moderately
high or low temperatures and inadequate humidity (Rotino
et al., 1997). Our finding of an essential role of DAO in rice seed
development and its conservation in both monocotyledonous
and dicotyledonous plants may lead to new ways to induce
parthenocarpy through biotechnology for the fruit industry.
EXPERIMENTAL PROCEDURES
Plant Material and Growth Conditions
The wild-type plant Nipponbare is a sequenced variety of Oryza sativa ssp
japonica. We screened 100,000 ethyl methanesulfonate (EMS)-mutagenized
M2 rice lines and identified one mutant displaying anther indehiscence and
parthenocarpic fruit. This mutant was initially named Tian-Shui (means sweet
water) and later renamed dao. The F2 mapping population was generated from
a cross between the daomutant and Dular (ssp indica). The F2 population was
grown in the Tu Qiao Experiment Station of Nanjing Agricultural University. All
materials were planted with a spacing of 16.53 16.5 cm. A wide-row spacing
of 23.5 cm was set between the plots. At the mature stage, plants with parthe-
nocarpic fruit were selected as homozygous dao mutants for gene mapping.
All primers used in the mapping are listed in Supplemental Experimental
Procedures.
Complementation of the dao Mutant
For functional complementation, an 6.8 kb genomic fragment DNA contain-
ing the DAO promoter region and the entire coding sequence was subcloned
into the binary vector pCAMBIA1305 carrying a hygromycin-resistancemarker
to generate the p1305-DAO construct. We induced calli using young homoge-
neous dao panicles and then the calli were used for transformation with
Agrobacterium tumefaciens strain EHA105 carrying the p1305-DAO plasmid
and the control plasmid p1305.
In Vitro Enzyme Assays
In vitro enzyme assays were carried out with 1 mM DAO recombinant protein
and 1 mM IAA as the substrate (Teale et al., 2006). The reaction mixtures con-
tained 100 mM Tris-HCL, 5 mM 2OG, 5 mM ascorbate, and 0.5 mM
(NH4)2Fe(SO4)2 in a final volume of 200 ml. IAA was added to the mixtures
and incubated under shaded conditions at 30C for 1 hr. The reaction mixtures
were adjusted to pH 7.0 with acetic acid and were extracted three times with
ethyl acetate. The combined ethyl acetate fractions were evaporated to dry-
ness, redissolved in 50 ml methanol:water (1:9, v/v, 0.1% formic acid) before
they were assayed by LC-MS.
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